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AFIT/GE/ENG/90D-37

Abstract

This research effort examined the feasibility of
performing bistatic radar cross section (RCS) measurements
in the AFIT anechoic chamber. The capability was
established to measure the bistatic RCS of a target versus
frequency and versus target azimuth angle. 1In either case,
one of the three bistatic angles (angle between transmit and
receive antennas) is available: 45°, 90°, and 135°.

Accurate bistatic RCS measurements were obtained using
a CW radar and utilizing background subtraction, bistatic
calibration, and software range gating. Simple targets were
selected for validation purposes since their bistatic RCS
could be predicted. These consisted of spheres and flat
plates (square, triangular, and five sided).

Several computer codes were utilized for system
validation. Two codes based on the Uniform Theory of
Diffraction were used to predict the scattering from the
flat plates. A program using a Mie series solution provided
the exact scattering for the spheres, which were used for

both RCS predictions and system calibration.
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ANALYSIS AND TESTING OF A
BISTATIC RADAR CROSS SECTION
MEASUREMENT CAPABILITY FOR THE
AFIT ANECHOIC CHAMBER

l. Introduction

Background

The radar cross section (RCS) of a target is a ratio of
the radar energy scattered in a particular direction away
from a target to that which is incident on the target. The
RCS of targets has become increasingly important in recent
years with the emphasis the military has placed on the
design of low observable or stealth technology platforms.
Monostatic radars, as shown in Figure 1, dominate the radar
systems in use today. Thus, the emphasis in reducing an
objects monostatic RCS has prevailed. One method used to
reduce the echo properties of these platforms is through
shaping. By shaping an object, incident electromagnetic
energy from the radar transmitter can be scattered in
directions other than that of the expected location of the
radar receiver. Shaping that reduces the RCS of an object

in the backscatter direction, often creates an enhanced




radar return in bistatic directions (9:190).

As shown in Figure 1, a bistatic radar has its transmit
and receive antennas separated by some bistatic angle. 1In
bistatic radar scattering, the electromagnetic wave arrives
at the target from the source and scatters in all
directions, one of which is detected by the receiver. 1It
follows that bistatic RCS measurements are performed to
determine the scattering from a target at a particular
bistatic geometry. These measurements are often
accomplished on low monostatic RCS targets to determine
their detectability in bistatic conditions (1:1).

Bistatic measurements are inherently more difficult
than backscatter measurements (6:243). The simple addition
of another antenna creates problems in several areas when
performing bistatic measurements (4:148). One particular
area of concern, as an example, is the direct feeding of the
electromagnetic signal from the transmit antenna to the
receive antenna. The signal received from this direct path
can corrupt the measurement in certain situations. This
will be discussed in more detail later.

While monostatic RCS measurements have become
commonplace, details concerning bistatic measurements has
lagged considerably behind. With the focus on monostatic
measurements, the available literature is abundant.
Conversely, documentation concerning bistatic measurements

is minimal. The limited amount of data available on
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Figure 1. Monostatic and bistatic radar geometry

bistatic measurements combined with the current interest by
the military in the bistatic RCS of targets result in the
need for further research in this subject area.

Recent research concerning bistatic scattering and
measurements has been accomplished at the Wright Research
and Development Center's (WRDC) far-field range by several
WRDC engineers and two Air Force Institute of Technology
(AFIT) students (13; 17; 19). During 1987 and 1988 similar
measurements were performed on a larger scale by the Air

Force's 6585th Test Group at the Radar Target Scattering




(RATSCAT) outdoor facility (1).

AFIT has a far-field RCS measurement range used by
graduate students for research and course work. It has been
developed and used exclusively for monostatic measurements.
Since each measurement facility has unique equipment, the
requirements and methodology to perform a particular type of
measurement varies between measurement ranges. Despite the
increasing importance of bistatic scattering
characteristics, AFIT's capability to provide experimental

work to their students in this area is nonexistent.

Problem Statement

The purpose of this research is to expand the
measurement capability of the AFIT far-field RCS range. The
objective is to establish the capability to perform accurate
bistatic radar cross section measurements using AFIT's far-

field RCS range.

Approach

To accomplish the above objective, a feasibility study
was first performed on the AFIT chamber system configuration
to determine allowable target dimensions, the required
radius from target to receive antenna, and the relative
strength and timing of target return signals and various
error signals that would be detected by the receive antenna.
The next step was to quantify the signals received at

certain bistatic angles by operating the network analyzer




manually. This ensured that the target returns could be
isolated from the error signals and allowed the internal
settings of the network analyzer to be set so that the
measurement system would do so. Finally, before any
bistatic RCS measurements could be performed on test targets
to verify system performance, the software that controls the
chamber had to be modified to implement the bistatic
measurement capability. Both monostatic and bistatic RCS
measurements were then performed on relatively simple
canonical targets of which RCS predictions had been made for

comparison.

Measurement Summary

This effort developed the foundation required to
perform accurate bistatic measurements in the AFIT RCS
chamber with future application to both course work and
research. The bistatic capability was to include both
frequency response measurements and pattern cut
measurements. The frequency response measurement provides
the RCS in units of dBsm for a target versus frequency for a
fixed target aspect angle. The system actually measures the
complex return signal, and is thus capable of inverse
fourier transforming the data to generate the bandlimited
impulse response. The pattern cut measurement provides the
RCS in units of dBsm for a target at a fixed frequency
versus aspect angle as the target rotates 360 degrees.

The targets selected for the verification phase were a

5




2.5 inch and 6 inch diameter sphere, a 3.5 inch and 6 inch
square flat plate, a 6 inch equilateral triangle flat plate,
and a five sided flat plate. The pattern cut RCS
measurements were confined to 10 GHz with the targets
generally being in the far field of the antennas. RCS
pattern cut measurements were performed with a bistatic
angle of 0° (monostatic), 45°, 90°, and 135°; both antennas
were aligned for vertical polarization. The measurements at
45°, for the spheres and square flat plates, were done first
with an American Electronic Laboratories (AEL) broadband 2
GHz to 18 GHz antenna and then with a high gain X-band 8 GHz
to 12.4 GHz antenna as the transmit antenna. The receive
antenna for these measurements was a Flam and Russell 6 GHz
to 18 GHz diagonal horn antenna. The bistatic measurements
performed at 90° and 135° were done with the X-band antenna
only. An additional pattern cut measurement was performed,
using the 5 sided flat plate as the target, to verify the
system response is independent of which antenna is receiving
and which is transmitting.

The frequency response measurements consisted of four
measurements. These measurements were noise floor
measurements which will be explained in more detail later.
Noise floor measurements were taken for the monostatic case
as well as for bistatic angles of 45°, 90°, and 135°. All
noise floor measurements were accomplished at a frequency

range of 8 GHz to 12.4 GHz using the X~-band antenna (for




bistatic) as the transmit antenna and the Flam and Russell

antenna as the receive antenna.

Summary of Current Knowledge

Theoretical (8; 15:11-13). With the central focus of
radar and radar reflectivity measurements on the monostatic
situation, the data available for bistatic measurements is
limited, as was noted earlier. Consequently, physical
optics approximations were used to develop the monostatic-
bistatic equivalence theorem (MBET). This applies to
bistatic angles less than 180 degrees, and it predicts
bistatic RCS from monostatic data. The theorem states that
the bistatic RCS is equal to the monostatic RCS determined
at the bisector of the bistatic angle. The theorem assumes
that the targets are sufficiently smooth and much larger
than the wavelength. This was verified by Crispin et al.
for bistatic angles much less than 180 degrees using
physical optics approximations.

Kell extended the theorem to a broader class of
targets including metallic and dielectric coated ones. His
theorem stated that as the bistatic angle approaches zero,
the monostatic cross section of a target viewed on the
bisector of the bistatic angle () at a frequency reduced by
a factor of cosine(8/2) will approximate the bistatic RCS.
It is important to remember that Kell's method of predicting
bistatic RCS from monostatic data depends upon the
individual scattering centers on the target and their phase

7




differences. Kell's theorem is not applicable to targets in
which multiple scattering is important or targets whose
cross section has contributions from creeping waves.

Experimental. RATSCAT recently completed a report that
documents their bistatic measurement capabilities and
considerations required to perform accurate measurements.
The report notes the fact that "bistatic measurement
programs frequently require unique setup approaches" (1:1).
As mentioned earlier, the unique setup approaches mentioned
in the RATSCAT report are the goal of this research for
application to the AFIT RCS measurement range.

Bistatic RCS measurement research (17:85-86) at the
WRDC far-field range examined bistatic RCS measurement
tradeoffs at their indoor facility. Under the given
circumstances, it was determined that CW nulling would be
used to obtain the bistatic data. CW nulling is an analog
vector subtraction of the background clutter in the chamber.
The bistatic measurements were performed with the transmit
and receive antennas fixed and the target rotated in the
azimuth plane. The research concluded that the MBET
prediction technique worked poorly for bistatic angles above
90°.

Additional bistatic research (13; 19) at the WRDC range
focused on resonance region scattering from a selected group
of targets, and on evaluating the bistatic equivalence

theorem for the near and far-field of selected targets. The




research attacked the problems encountered in obtaining
bistatic measurements at indoor measurement ranges. The
research concluded, as did (17), that much work is needed in

the area of bistatic RCS measurement and prediction.

Organization

Chapter II discusses the theory supporting the concept
of both monostatic and bistatic RCS. Specific details
relating to performing RCS measurements will be investigated
as well.

Chapter III will discuss specific details of the AFIT
measurement range. The physical layout of the chamber will
be provided along with a detailed explanation of the
measurement equipment and an overview of the software that
controls the measurements. Specific characteristics of the
AFIT chamber will then be discussed. Finally, the bistatic
measurement approach will be provided in detail.

Chapter IV will discuss the software used for the
bistatic measurements and predictions. First, the software
written to provide the bistatic capability within the
chamber will be explained. This will be followed by a
discussion of the software used to transfer data files
between computer systems with specific application to the
frequency response measurements. In addition, the software
used to provide predictions of the targets under test will
be discussed.

Chapter V investigates the measurements performed in

9




the AFIT chamber. The targets measured will be discussed as
well as the measurement geometry used to aid in interpreting
the data. The measurements will be compared to predictions
with specific detail provided on maximum RCS obtained at
certain angles. An error analysis will be provided, as
well.

The final chapter contains conclusions drawn from this
effort. 1In addition, recommendations for further study will
be provided. Three appendices follow the last chapter.
Appendix A contains the measurements and predictions
performed. Appendix B provides specific steps required to
perform bistatic measurements in the AFIT chamber. Appendix
C contains four sections with listings of the software code

used in this research.
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/l. RCS Measurement Theory

Introduction

- This chapter describes the theory supporting the
concept of both monostatic and bistatic RCS. Relevant
equations will be provided and discussed along with the
assumptions required. Several topics related to performing
RCS measurements will be investigated as well. These will
include a look at the RCS calibration equation along with a
discussion of the quiet zone, noise floor measurements, and

error signals within the chamber.

Theory

RCS. The radar cross section (RCS) of a target is a
quantity relating the amount of power scattered by the
target in some direction to the amount of power incident on

the target. The RCS is defined as

(1)

where R is the distance from the radar to the target, E, is
the scattered field, and E; is the incident field at the

target (4:62).
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It is important to note that the RCS is defined so that
it is independent of the distance between the radar and the
target. This occurs since the scattered field decays as
1/R. The limiting process in the definition ensures that
the incident field is a plane wave. In what is called a
far-field range, the transmit antenna directly illuminates
the target. A large enough R is needed such that the
illuminating field satisfactorily approximates a plane wave.
This is related to the far-field spoken of in antenna
theory, where a target of a certain size at some distance
from an antenna will see a phase variation of no more than

n/8 radians in the incident field from this antenna. This

leads to
2 D?
R > 2
i (2)
where
R = range,
D = maximum target dimension, and

A = wavelength.

In the RCS problem, one must ensure that the target
sees limited phase and amplitude variation in the incident
field (ideally both would be zero, as for a plane wave), and
that the receive antenna is effectively in the far zone of
the target.

Another assumption inherent to the definition of the
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RCS of a target is the requirement that the target be
isolated in free space. This condition means that the
electromagnetic wave incident at the target and the wave
scattered from the target to the receive antenna are solely
a function of the antenna and/or the target and nothing
else. Other signals present could result in errors in the
measurements. Current measurement techniques result in
these signals being negligible if the errors are correctly
dealt with. The next major section, titled Measurement
Considerations, will examine this in more detail.

RCS is in units of area, and is often expressed in dB
relative to a square meter or a square wavelength. Even
though the unit for RCS is area, the radar cross section of
an object may be very different from its physical cross
section. As noted by Skolnik, "the radar cross section of a
target is the (fictional) area intercepting that amount of
power, when scattered equally in all directions, produces an
echo at the radar equal to that from the target" (18:33).

The RCS of a target depends on parameters related to
the target and the radar. The target parameters include its
geometry, orientation with respect to the incident wave, and
material make-up, while the radar parameters include the
operating frequency and waveform along with the polarization
of the antennas (5:500).

Scattering Regions. Electromagnetic scattering is

usually divided into three regions, which are characterized
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by the ratio of the target size (D) to the wavelength (1),
or D/). The three recions are the Rayleigh region (low
frequency), the Mie region (resonance), and the optical
region (high frequency). The wavelength and frequency of an
electromagnetic field are inversely proportional to each
other; that is, as the frequency increases, the wavelength
becomes smaller.

In the Rayleigh region the targets are much smaller
than the wavelength of the incoming electromagnetic wave.
Within the Mie region, the scatterer and the incident
wavelength have approximately the same dimension. The shape
of the scatterer is important in this region since
interactions between points on the scatterer can be
significant (9:55). 1In the optical region the targets are
much larger than the incident wavelength. 1In this region
the interactions between points on the scatterer are not
significant. The scatterer can be divided into a collection
of independent scattering centers that when combined
constitute the target's scattered field (9:57). Several
techniques exist to determine the solution of the scattered
field expected from a scatterer in the high frequency
region.

Scattering Prediction Technique. One technique
utilized in this research to predict the bistatic scattering
from square flat plates is the Uniform Theory of Diffraction

(UTD). UTD is a high frequency technique that consicers
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incident, reflected, and various diffracted fields. Figure
2 illustrates edge diffraction, where a line source

illuminates a wedge. The incident and reflected field

Field
Point

Region | Reflection
Line 9 Shadow
Source -~ Boundary

O Face Region Il

Region il

. Incident
image Shadow
N Foce Boundary

Figure 2. UTD geometry for wedge diffraction (7)

comprise the geometrical optics (GO) solution. GO predicts
zero fields in the shadow region and has discontinuities at
the reflected and incident field shadow boundaries. UTD
adds the diffracted field to the GO result to produce the
total field which is continuous across both shadow
boundaries.

Using the UTD, a computer code was written that
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determined the bistatic scattering from a two dimensional
strip considering first order diffractions. The results
obtained were then scaled to approximate the RCS for a three
dimensional square flat plate. The theoretical derivation
for the computer code will be detailed in Chapter IV. The
code itself is in Appendix C.

Another code based on the UTD, Radar Cross Section -
Basic Scattering Code 2.0 (RCS-BSC2), was used to predict
the RCS of the flat plates as well. This code will

explained in more detail in Chapter 1IV.

Measurement Considerations

When performing RCS measurements, there are many
criteria that must be investigated. The fundamental
requirements for performing monostatic and bistatic
measurements are identical. Currie notes that, "the target
return must be extracted, the desired information must be
removed from these signals, and the data must be adequately
calibrated" (4:148). Several topic areas relating to RCS
measurements will be discussed. These will include the
equation used to calibrate the RCS, the quiet zone in the
chamber, and the error signals that need to be accounted
for.

Calibration Equation. The RCS of a target is determined
by comparing the received signal from the target to the
received signal from a known reference target. The received
power for any target can be defined using the following
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equation and assuming free-space propagation:

P - P, G G Ao (3)
a
(anm ) RRL

where

= received power,

P

P, = transmitted power,

G, = transmitting antenna gain,
G

receiving antenna gain,

A = wavelength,

o = target radar cross section,

R, = range from transmitter to target,
R, = range from target to receiver, and

L = system losses, (4:62-63).

Clearly, there are several parameters involved. Rather than
attempt to determine them, a calibration procedure will be
developed that eliminates their effect.

A calibration target has an RCS (o0,) that is exactly
known. While many choices exist for a calibration target,
the most common choice is a sphere since its exact RCS can
be computed and is independent of orientation. A 5 inch
sphere is used for calibration purposes in the AFIT chamber.

It is important to remember that the system does not
actually measure the RCS of the target, but measures the
received power as suggested by Equation 3. This is a
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complex quantity, thus allowing the calculation of o
(magnitude) in dBsm with a phase term used for frequency
response measurements.

Assume a calibration sphere (o,) and a target (o,) are
in the far-field of the antennas and are measured using the
same criteria (identical range, frequency, and transmit
power). Solving Equation 3 for the transmitted power for
both targets and equating the results will result in the

following equation:

Pq (4m)3RIRIL P (4am)*RERIL

. (4)
o; A2 G, G, os A2 G, G,

which will simplify to

PrT
O; = |—1] 0¢ & 5
! Prs] s ( )

The exact RCS of the sphere is used to determine the
exact RCS of the target of interest by performing a series
of measurements. The RCS is obtained by direct measurement
of the 5 inch sphere, the sphere background, the target, and
the target's background. The measurement system performs a

vector subtraction of the sphere background from the sphere
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and the target background from the target, so that

Py = Phroet - Pnrnet Background (6)

and

Prg = Pswere - PSpherc Background ° (7)

Upon substitution, the final calibration equation used in

the measurement chamber to determine the RCS is

PTarget - Phrget Background

0’7 - ——
PSphere - PSphere Background

Og - (8)

Target Zone. The definition for RCS requires plane
wave incidence. The plane wave requirement for RCS
measurements lead to specifying a target zone in the
measurement chamber. Since a true plane wave is impossible
to achieve in practice, some deviation from a plane wave
must be accepted. Kouyourjian and Peters (10) discuss this
in detail by investigating allowable variations in the
amplitude and phase of the incident field, leading to a
minimum range between the antenna and target. The extent of
these variations in the chamber will define the target zone
in which the incident wave is considered "planar".

19




Acceptable deviation from the plane wave requirement
requires the consideration of variations allowed for the
downrange amplitude and crossrange phase. Crossrange
amplitude variation could be considered as well, but the
target zone obtained is not as stringent a requirement as
the target zone derived from the crossrange phase variation.
By assuming a point source, the downrange amplitude
variation and crossrange phase variation can be used to
determine the target zone (D x L) within the measurement
chamber.

Downrange Amplitude Variation. The downrange target
zone distance (D) can be determined by Equation 9 assuming
that antenna and target are separated at such a distance so
that the incident field varies as R'' in the target zone,

and that the allowable amplitude variation is 1 dB or 1less.

D<= (9)

Crossrange Phase Variation (7). The crossrange target
extent (L), as shown in Fiqure 3, can be determined by
considering the ratio of the field at point 2 to point 1.
This is shown in equation 10

i, L
E(i)

Aelt. (10)

E'(0)
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where A is the crossrange amplitude variation and ¢ is the
crossrange phase variation as defined below:

-2 (r- R (1)

with

21
r-[n2+£.-2. (12)
4

Expanding r binomially and substituting the first two terms
of the expansion into Equation 11 results in Equation 13.
This can be used to determine the crossrange extent of the

target zone (L) given values of R and ¢.

2
R = __ng (13)

Error Signals. Signals other than those directly
received from the target cause concern in RCS measurements.
These signals, as well as techniques used to counter their
corruption in obtaining valid RCS measurements, will be
discussed next.

The primary error signals are the scattering from the
room, the scattering from the target pedestal, the antenna
coupling (direct path from transmit to receive antenna), and
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Figure 3. Crossrange phase variation in target zone, modeling
transmitter as a point source

the interactions of the target with the background. Even
though the measurement chamber is designed to minimize these
errors, they still exist. RAM is used in the chamber to
attenuate error signals from the room and target pylon. The
target pylon is ogive shaped to provide low backscatter, but
causes increased concern for bistatic measurements since its
RCS increases as the bistatic angle increases and often
scatters directly into the second antenna in a bistatic
configuration.

An additional technique used to help obtain accurate
measurements is background subtraction. In background
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subtraction, the target background is measured and
vectorially subtracted from the target measurement. While
this helps, the target/chamber interactions are not present
in the background measurement and are thus not subtracted
out.

To minimize the contributions of the error signals even
further, a time gate can be applied to the received signal
to act as a filter. This means that only the signal
received in the time gate will be used by the measurement
equipment. This technique is applicable to bistatic
measurements except for the situation of forward scattering
(bistatic angle approaching 180°) when the target signal and

antenna coupling signal arrive near or at the same time.
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Ill. AFIT RCS Measurement System

Introduction

This chapter will begin with a description of the AFIT
far-field RCS measurement range. The hardware and software
involved will be described after a physical description of
the chamber is provided. After this, several RCS
measurement considerations described in Chapter II will be
specifically applied to the AFIT chamber for both monostatic
and bistatic measurements. The final part of the chapter
will concentrate on the specific bistatic measurement

approach for AFIT's RCS measurement chamber.

Chamber Description

Physical Layout. The physical characteristics of
AFIT's far-field RCS measurement range are provided in
Figures 4 and 5. Figure 4 provides a side aspect view of
chamber while Figure 5 shows a view looking down into the
chamber from above.

The walls and ceiling are covered with 18 inch
pyramidal RAM. The floor has a combination of 18 inch
pyramidal and 6 inch wedge RAM. Figure 4 provides detail to
show placement of the radar absorbing material in the
chamber. The wedge absorber tends to backscatter less as

the angles of incidence of incident waves approach grazing
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incidence. The wedge absorber on the floor will scatter the
incident energy toward the back wall and the bottom portion
of the pedestal. 1Ideally, the wedge RAM would extend to the
back wall of the chamber to combat the grazing incidence,
but limited quantities dictate present placement.

The pedestal, shown in Figures 4 and 5, has an ogive
shaped cross section which results in low backscatter. 1In

addition to the low monostatic RCS of the pedestal, the

18°
Pyramid
Monostatic Trangmit RAM
and
Receive Antenna

A\
26’
Target with
mount

14’ Q‘

HR  Target
8’ Pedestal
Wedge X
RAM
| —_ -4 ;‘.. |
45'

Note: Target mount and front
wall are 20.6' apart.
(Antennas are mounted on front wall)

Figure 4. Side view of AFIT far-field RCS chamber
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All interior walls and celling are
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Figure 5. Top view of AFIT far-field RCS chamber

incident energy striking the pedestal is scattered in a cone
geometry away from the target zone toward the floor. Since
pyramid RAM works better as incident waves approach normal
incidence, it was placed at the base of the target pedestal
to absorb the edge diffractions from the pylon that
propagate down to the floor in front of the pylon. A
pedestal cap made of RAM sits on top of the pedestal leaving

just enough room for a target mount. The pedestal cap acts
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to reduce the pedestals RCS and the interactions occurring
between the target and pedestal not accounted for in the
background.

Measurement Equipment. The radar system used in the
AFIT far-field measurement range is a continuous wave (CW)
system. Figure 6 provides a block diagram of the current
hardware. The AFIT chamber utilizes two antennas for both
monostatic and bistatic measurements. Even though there are
two antennas separated by a small "bistatic angle" for
monostatic measurements, the angle is considered to be zero.

The AFIT measurement system is controlled by an HP 9000
Series 200 Computer. The computer is interconnected into
the measurement system via the HP-IB (interconnect bus). A
Newport Corporation 855C controller is also connected by the
HP-IB to the computer and network analyzer. It can be used
for automatic or manual movement of the target on the
pedestal or the orientation of the monostatic antennas. The
transmit and receive antennas for monostatic measurements
are Flam and Russell diagonal horn antennas which operate
from 6 to 18 GHz. For bistatic measurements, one Flam and
Russell antenna is used along with an X-band antenna (8 to
12.4 GHz) placed in the chamber at the desired bistatic
angle.

A CW radar signal is generated by the HP 8340B
Synthesized Sweeper. The CW signal generated is sent to a

HP 11691B directional coupler. The coupled output signal is
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Figure 6. AFIT RCS chamber measurement equipment (16)

routed to the al input on the HP 8511A Frequency Converter
to be used as a reference. The through output signal from
the HP 11691B is amplified to 24 dBm and sent to the
transmit antenna. As mentioned earlier, a separate antenna
will receive the return test signal sending it to the HP
8511A Frequency Converter bl input. The frequency converter

will convert both the al reference signal and bl test signal
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from a radar frequency (RF) to an intermediate frequency
(IF) of 20 MHz while maintaining the relative amplitude and
phase of the signal. These signals are routed through an

IF interconnect to the HP 8510B Network Analyzer for
processing. The network analyzer measures the amplitude and
phase of the test signal relative to the reference signal.

Software. The HP computer controls the automatic
operation of RCS measurements using the AFIT RCS measurement
software (ARMS). The software provides the capability to
perform RCS pattern cuts and frequency responses. In a
pattern cut, the RCS of the target is measured during an
azimuth angular rotation of 360° at a set frequency.

The frequency response is accomplished as the frequency is
swept over an established bandwidth with the target's
azimuth position fixed. The complex frequency response may
be inverse fourier transformed to provide a bandlimited
impulse-response.

One important function performed in the software is
calibration. The calibration standard used is a 5 inch
sphere. The exact solution for the 5 inch sphere, along
with the measured RCS of the sphere, is used to calibrate
the measured target return. Also, since the target is not
in perfect isolation, a background measurement is performed
on both the standard and the target. The background is then
vectorially subtracted from the RCS measurement of the

standard and the target respectively.
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Target Zone

The target zone discussed in Chapter 2 can be
determined for AFIT's measurement chamber. Remember, the
target zone is an area within the chamber where the incident
electromagnetic wave falls within the restrictions placed on
it to satisfy the plane wave required in the definition of
RCS. Equations 9 and 13 can be used to determine the

downrange (D) and crossrange (L) target extent:

Ds (9)
nL?
R = ET (13)

Using the generally accepted phase variation (¢) of n/8

radians for the incident wave, Equation 13 will reduce to:

1 - (R_ZA)% . (14)

Due to different chamber configurations, the target zone
will be determined for the monostatic and bistatic RCS
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measurement situations separately.

Monostatic Target Zone. The target rotator is 26.5
feet from the antennas. Equation 9 produces a downrange
target extent of D = 3.232 feet. Since the monostatic RCS
measurement antennas operate from 6 to 18 GHz, the
crossrange target extent will be determined in this
bandwidth. Figure 7 shows L versus frequency for a range of
26.5 feet. As the frequency increases, L becomes more

restrictive.

> \
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N \\\\\\\\\\
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Figure 7. Crossrange extent of target zone versus frequency,
monostatic case
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Bistatic Target Zone. Since bistatic RCS measurements
are performed by separating the transmit and receive
antennas at a bistatic angle, the limiting factor on the
target zone will be the range at which the second antenna
can be positioned with respect to the target. 1In AFIT's
chamber, the side wall and pedestal are separated by
approximately 9.5 feet , thus limiting the placement of the
antenna at a bistatic angle of 90°. Upon placing the second
antenna on top of a tripod, the maximum obtainable distance
from the target to the antenna was R = 8 feet. This produce
a downrange target extent of D = 0.976 feet. Figure 8 shows
L versus frequency for R = 8 feet. The frequency range was
limited from 8 to 12.4 GHz, the span of frequency used with

the X-band antenna transmitting.

Noise Floor and Calibration

The RCS of a target is defined with the target residing
in free space. As discussed previously (Chapter 2 - Error
Signals), there are various techniques used to help simulate
free space conditions in the measurement chamber. Even with
such techniques, the field illuminating the target also
illuminates the target mount, pedestal, and other objects
within the chamber. Thus, the scattered field at the
receiver is a combination of the desired as well as the
undesired signals (3:907).

The noise floor shows the levels of these signals
within the chamber. As a result, the noise floor can be used
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Figure 8. Crossrange extent of target zone versus frequency,
bistatic case

to determine the minimum measurable target RCS within the
chamber. The noise floor is determined by performing a
frequency response RCS measurement with no target in place
during the target measurement. Basically, the noise floor
is an RCS measurement of the chamber with the chamber acting
as the "target". The frequency response is performed
utilizing background subtraction and range gating of the
signal, along with a certain amount of averaging.

The monostatic noise floor of the chamber for vertical
polarization is shown in Figure 9. The monostatic noise
floor was accomplished using AFIT's monostatic chamber
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configuration with the Flam and Russell antennas. The noise
floor varies between -80 to -100 dBsm from 8 to 12.4 GHz.

When bistatic RCS measurements are performed, the noise
floor will be different for each bistatic angle since the
chamber clutter varies as the separation angle between the
antennas change. Each time the bistatic angle is changed,
the signals received change as well. The bistatic noise
floor of AFIT's chamber for vertical polarization is
provided in Figures 10, 11, and 12 for bistatic angles of
45°, 90°, and 135°. For each measurement, the transmit
antenna was an 8 to 12.4 GHz X-band antenna and the receive
antenna was one of the stationary Flam and Russell antennas.

When a frequency response RCS measurement is performed,
an exact sphere data file is required by the software for
calibration purposes. As the bistatic angle between the
antennas change, the exact sphere solution changes as well.
The exact sphere solution needed for frequency response RCS
measurements using the HP 8510B network analyzer consists of
the real and imaginary parts of the scattered field at the
desired bistatic angle. The HP based system requires the
real and imaginary field for the desired bandwidth divided
into 800 equal intervals or 801 data pairs.

A computer program that provides the exact monostatic
and bistatic scattering from a sphere was used to obtain the
necessary data files for bistatic angles of 45°, 90°, and

135°. The code is used at the Wright Research and
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Development Centers (WRDC) far-field and compact RCS
measurement ranges at Wright-Patterson Air Force Base to
calculate the exact sphere solution for RCS calibration.

The computer code was developed at The Ohio State University
in 1978 and has been modified since then. The code is based
on a Mie series solution. An infinite series of Legendre
functions are weighted based on the electrical size of the
sphere to determine the number of terms required for the
series to converge (13:25).

A listing of the code is provided in Appendix C. The
code was modified slightly, depending on the exact solution
needed for the RCS measurements. The RCS pattern cut
measurement require an exact sphere solution in magnitude
(dBsm) at the desired frequency, while the RCS frequency
response measurement requires 801 real and imaginary exact

numbers for the desired bandwidth.

Bistatic RCS Measurement Approach

To obtain accurate bistatic measurements in AFIT's
chamber, it was necessary to characterize the signals in the
chamber at the various bistatic angles. Before this could
be accomplished, though, several preliminary steps had to be
performed.

Since the AFIT chamber had been used only for
monostatic measurements, there was no established method of
knowing exactly where the antenna at the bistatic angle
should be placed. The chamber floor was marked for vertical
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polarization using a transit to determine the exact
separation angle between the two antennas. The transit was
mounted on top of the pedestal and the centerline of the
Flam and Russell diagonal antennas was used as a reference
of zero degrees.

Second, an antenna mount was needed to hold the antenna
at the desired height. It was determined that a simple
tripod met the necessary criteria to mount the antenna upon.
The tripod was used to hold the antenna at a fixed height of
8 feet.

Characterizing the Chamber. The scattered sioc~als in
the chamber change when bistatic measurements are performed.
In fact, the signals vary as the bistatic angle changes.

The scattered signals in the chamber have to be investigated
to determine the effect they will have on the RCS
measurements. The characterization is necessary for each
antenna configuration and/or bistatic angle desired to
ensure accurate measurements. The dominant RCS returns
received within the chamber were analyzed by operating the
network analyzer manually and viewing the signal in the time
domain. Tlie numbers obta‘  2d on the measurements are
relative (uncalibrated). Chamber characterization is
necessary since an attempt will be made to use software
gating to capture the desired target signal and reject all
other signals to obtain the bistatic RCS. This is possible

since the scattered signals arrive at different times,
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except for bistatic measurements approaching forward
scatter.

Monostatic time domain. To establish a starting point,
the signals present in the chamber for monostatic RCS
measurements were obtained. A bandwidth of 4.4 GHz (8 to
12.4 GHz) was used for each measurement with the antennas
oriented for vertical polarization. An empty chamber (no
target on pedestal) was evaluated. Figure 13 shows the
signals present in the chamber in the time domain. The
dominant signals expected were from the direct coupling
between the two antennas, the target pedestal and the back
wall. As shown, the largest return is caused by the direct
coupling between the antennas. The next largest return is
from the target pedestal. Even though the walls are lined
with radar absorbing material (RAM), the RAM is a
significant scatterer as well in the chamber. This is
verified by the large return received from the chamber rear
wall.

Bistatic time domain. The bistatic time domain
characteristic measurements are shown in Figures 14 to 19.
These measurements were needed to prove that the target zone
could be isolated from error signals, and to determine the
time gate parameters to do so. Table 1 provides the variety
of chamber configurations that were considered.

A bandwidth of 4.4 GHz (8 to 12.4 GHz) was used for

each bistatic time domain measurement. All antennas were
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Figure 13. Time domain measurement, monostatic case

oriented for vertical polarization.

Figures 14, 17, and 18 show the bistatic time domain
characteristic measurements of the chamber for bistatic
angles (B) equal to 45°, 90°, and 135° respectively. For
all three cases, the transmit antenna is the X-band antenna

placed along an arc approximately 8 feet from the target at
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the appropriate bistatic angle. The receive antenna is the
Flam and Russell antenna mounted permanently on the front
wall of the chamber 26.5 feet from the target.

Figure 18 shows the antenna coupling and target signal
arriving at almost the same time for g = 135°. Figure 19
shows this portion of the measurement with the time scale
expanded. Expanding the scale provides the timing detail
required to set the initial instrument state of the HP 8510
network analyzer.

Figures 15 and 16 are bistatic time domain
characteristic measurements of the chamber for g = 45°.
Figure 15 results from a broadband AEL antenna transmitting
at approximately 8 feet from the target with the Flam and
Russell antenna receiving at 26.5 feet. Several bistatic
RCS measurements were performed at 45° with this
configuration to determine the effect the broadband antenna
had on the bistatic measurements performed with this
configuration. Figure 16 is a time domain measurement with
the Flam and Russell antenna transmitting from its fixed
position of 26.5 feet from the target with the X-band
antenna receiving at approximately 8 feet (just the opposite
of the configuration used in Figure 14). This
characterization was necessary to show that the RCS obtained
for a target is independent of which antenna receives and
which antenna transmits.

The level of the signals obtained in the two
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measurements with the antennas interchanged (Figures 14 and
16) are similar in magnitude. The time that the signals
appear differ since the target to receive antenna distance
varies (26.5 feet versus 8 feet).

When the AEL broadband antenna (Figure 15) is used to
transmit, the antenna coupling signal increases
approximately 15 dB - 20 dB over that obtained for the
measurements in Figures 14 and 16. This results since the
AEL antenna has a much wider main beam than the other two
antennas (X-band, Flam and Russell) used. A direct
consequence of this is noted by the signal received from the
pedestal. It is approximately 6 dB lower with the AEL
antenna transmitting than the signal received in the other
configurations (Figures 14 & 16) at 8 = 45°. The X-band
antenna and the Flam and Russell antenna have narrow main
beams (with same output power as AEL antenna), thus
illuminating the pedestal at a higher energy level.

As the bistatic angle increases, the antenna coupling
moves toward the pedestal (target) signal and increases in
magnitude. This occurs since the distance the wave travels
from the transmit antenna directly to the receive antenna
coupling path approaches the distance the wave travels from
the transmit antenna to the target to the receive antenna as
the bistatic angle increases. By using these distances,
along with the fact that the speed of light is 11.8 inches

per nanosecond, the separation distances expected in the

42




-60
-70 ﬁtu\nu
Coup Ac:;?:‘ng Pedestal
Pedestal

-80

-90 | Wall
dB -100

[ T
-110 I
-120
' I ||'p |
-130 ' I
=140
-60 =37 -14 32 55 78 101 126 147 170
Time (nanoseconds)

Figure 14. Time domain measurement for bistatic angle of 45

degrees, X-band antenna transmitting
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Figure 15. Time domain measurement for bistatic angle of 45
degrees, AEL antenna transmitting
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Figure 17. Time domain measurement for bistatic angle of 90
degrees, X-band antenna transmitting
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measurements in nanoseconds between the pedestal and antenna
coupling can be determined. For instance, at a bistatic
angle of 135°, the distance the target signal travels is
34.5 feet while the direct signal travels 32.65 feet. This
equates to a 1.85 nanosecond separation of the signals in
time. This compares well with the measurements in Figures
18 and 19 which indicate a 1.8 nanosecond (-37.3ns - (-
35.5ns)) separation.

As the bistatic angle approaches 180°, the bistatic RCS
measurement approach used in this research breaks down due
to the arrival of the target signal and antenna coupling at
the same time. Note also that as the bistatic angle
increases, the RCS of the pedestal (without target) also
increases. 1In prior research at the WRDC RCS far-field
range, it was determined that the scattering due to the low
RCS monostatically designed pedestal in bistatic RCS
measurements above 90° could be controlled somewhat by
rotating the pedestal so that the radar signal striking it
was scattered away from the receive antenna (for more
information see references 13 and 17). Additional research
occurring in AFIT's chamber concurrently prevented this
approach from being investigated.

The automatic software controlling the RCS measurements
uses a software gate which is preset in the HP 8510 to
surround the target signal for use in determining the RCS.

After correctly identifying the origin of the signals in the
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chamber for each measurement situation, the signals
occurrence in time had to be evaluated so the initial
instrument settings of the HP 8510B network analyzer could
be adjusted. Table 1 contains the gate span and gate center
for the different bistatic configurations used for RCS
measurements. The network analyzer uses instrument state 8
on initial start up. Since the AFIT chamber is primarily
used for monostatic measurements, state 8 has been set
accordingly and the software (ARMS) that controls the
monostatic measurements refer to that instrument setting.
The ARMS subroutines (Appendix C) that were rewritten for
bistatic measurements contain commands that reset the
network analyzer to instrument state 2 when a bistatic RCS
measurement is desired. Since the time domain response
(Figures 13 to 19) changes as the setup parameters change,
state 2 must be set accordingly for each different bistatic
system configuration.

The HP 8510 had several common instrument state
settings that existed for all the measurements performed
(including monostatic). These include the selection of the
S,, log scale, the frequency range being 8 to 12.4 GHz, a
reference value of -50 dB with 10 dB/div, and the Gate set
on.

Note that the values in Table 1 for the bistatic
measurements with the antenna placed in the chamber

transmitting are very close in value. This occurs since the
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bistatic antenna placed in the chamber is approximately the
same distance (8 feet) from the pedestal for all four cases.
The gate center changes considerably at g = 45° when the
antennas exchange transmitting and receiving roles.

Although the overall path length remains the same, the shift
in time occurs because the path length between the target
and receive antenna changes from 26.5 feet to approximately
8 feet.

The gate widths for the monostatic and bistatic (45° &
90°) measurements are the same allowing the entire target
signal to be used for the RCS. This gate permits the
minimum signal received in the gate to be down to at least
~-100 dB which is approaching the minimum signal levels
received. The shorter gate width at 135° results from the
antenna coupling being very close in time to the target
signal. Figure 19 shows that with a gate width of 2.5 nsec
the minimum target signal received is only down to -80 dB.
It is important to remember that the numbers from the time
domain measurements (Figures 13 - 19) are relative

(uncalibrated) values.
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Table 1. Initial instrument states of HP 8510 network
analyzer for RCS measurements

Gate
Center Span
(ns) {(ns)

00
Flam and Russell (F&R)
antennas transmit and 79.375 5
receive
45°
X-band antenna transmit, ~34.7 5
F&R antenna receive
AEL antenna transmit, -28.125 5
F&R antenna receive
F&R antenna transmit, -27.5 5
X-band antenna receive
90°
X-band antenna transmit, -34.5 5
F&R antenna receive
135°
X-band antenna transmit, -34.75 2.5
F&R antenna receive
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lV. Relevant Software

The bistatic RCS measurements and predictions that were
performed depended on software to a large extent. This
chapter will explain the software required by the
measurement system to perform automatic bistatic
measurements, the software required to transfer data from
the Zenith to the HP computers, the software that made the
RCS predictions of the various targets measured, and the

theory used for the first order RCS prediction code.

Measurement Software

The AFIT RCS measurement software (ARMS) program is the
software tlat controls the automatic RCS measurements in the
AFIT chamber. As previously mentioned, the software
requires the exact solution of a reference target (5 inch
sphere). The exact solution is provided as a magnitude in
dBsm for pattern cut RCS measurements, while for frequency
response RCS measurements, the exact solution is provided in
the real and imaginary components. As the bistatic angle
changes, the exact solution of the sphere also changes.
Appendix C contains a listing of the BISPH code that was
used to provide the exact solution for a 5 inch sphere at
the desired bistatic angle.

Two subroutines (frequency response and pattern cut) of
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the ARMS were rewritten to provide the capability of either
performing monostatic or bistatic measurements
automatically. A listing of the code for the two
subroutines is provided in Appendix C.

The frequency response measurement subroutine requires
a separate data file for the 5 inch sphere which the
measurement software automatically calls into the program.
The data file for the 5 inch sphere contains 801 real and
imaginary pairs for each bistatic angle corresponding to a
particular bandwidth (if bandwidth changes, exact sphere
file will change). Since this research was performed at 3
bistatic angles, 3 representative data files were required
for bistatic angles of 45°, 90°, and 135°. The 801 points
are egqually spaced between 8 and 12.4 GHz. The software
uses the exact sphere solution in the calibration equation
given in Chapter 2. The data files reside in the software.

The pattern cut RCS measurement requires an exact
reference as well. The RCS magnitude is entered via the
screen. The exact solution for pattern cuts is required in
magnitude (dBsm) only. It depends on sphere size,
frequency, polarization and bistatic angle.

An example of data obtained from BISPH is provided in
Table 2 for a 5 inch sphere. Note that the output provided
is in magnitude and phase angle. These numbers can easily
be converted to the corresponding real and imaginary pairs

required for the frequency response measurements.
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Table 2. Exact sphere data from BISPH at 10 GHz

Horizontal Polarization

Sphere Bistatic  Frequency RCS

Size Angle Magnitude Phase
(inches) (degrees) (GHz) (dBsm) (degrees)
5.00 o 10 -18.612 -95.05
5.00 45 10 -18.962 149.73
5.00 90 10 -18.863 178.58
5.00 135 10 -17.577 39.25

Vertical Polarization

5.00 0 10 -18.612 -95.05
5.00 45 10 ~18.692 149.54
5.00 20 10 =19.914 177.82
5.00 135 10 ~-19.274 29.06
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Data Transfer Software

The frequency response measurement program requires a
Hewlett-Packard binary data (BDAT) format exact sphere
calibration file. This caused some problems since the BISPH
programs runs on an Ultrex based computer. A method was
established to transfer the data from Ultrex to HP ending
with a BDAT format exact sphere file containing 801 real and
imaginary pairs equally divided in the desired bandwidth.

First the BISPH program was changed to output only the
real and imaginary components onto a TK-50 tape. These
files were then transferred to DOS ASCIi format. The ASCII
files were edited resulting in a file which had the 801 real
components followed by the 801 imaginary components in a
single column as required by the HP software. These files
were then transferred across the RS-232 cable between the
Zenith DOS computer and the HP computer.

A computer program (Appendix C) had to be written to
transfer the data between the computers. It was used along
with a communications package, SMARTCOM, to obtain the exact
sphere files required by the software for the frequency

response measurements.

Prediction Software.

Three software programs were used to provide RCS
predictions of the targets measured. The first program
(BISPH) predicted the exact scattering from spheres, while
the other two (UTD Single Diffraction & RCS-BSC2) programs
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predicted the RCS of the flat plates.

The computer code used for the spheres was developed at
The Ohio State University in 1978. The code is based on a
Mie series solution. An infinite series of Legendre
functions are weighted based on the electrical size of the
sphere to determine the number of terms required for the
series to converge (13:25).

A listing of the code is provided in Appendix C and has
previously been discussed in Chapter 3. The code was
modified slightly, depending on the exact solution needed
for the RCS measurements. The RCS pattern cut measurement
require an exact sphere solution in magnitude (dBsm) at the
desired frequency, while the RCS frequency response
measurement requires 801 real and imaginary exact numbers
for the desired bandwidth.

The second code used was a first order approximation
obtained using the Uniform Theory of Diffraction (UTD) to
determine the scattering from a two dimensional strip
geometry, with application to square or rectangular flat
plates. The theory behind the code will be provided later
in this chapter with a listing of the code in Appendix C.

A more sophisticated RCS approximation of the targets
measured was obtained using Radar Cross Section - Basic
Scattering Code 2.0 (RCS-BSC2). This code was developed at
The Ohio State University using UTD techniques as well. The

code considers the diffracted fields at the corners and
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edges, the second order diffractions on a plate to include
double diffracted fields and edge wave effects, second and
third order interaction terms between multiple plates, and
first order terms with caustic corrections for cylinder
geometries for monostatic and bistatic situations. RCS-BSC2
can be used for flat plates, cylinders, cone frustums, and
finite ellipsoids (12:1-3). For sample predictions and more
information, see (12).

The next chapter will compare the predictions obtained
with the measurements. BISPH was used for all sphere RCS
predictions. The other two programs, UTD Single Diffraction
(UTDSD) and RCS-BSC2, were both used for the square flat
plates. The RCS predictions for the triangle and 5 sided

flat plate were obtained from RCS-BSC2 only.

First Order UTD Analysis of 2D Strip (11)

The geometry for this UTD analysis is provided in
Figure 20. The strip is of finite width d (meters) with a
phase reference in the middle. The geometry is set up so
that the angle of incidence (#') and angle of scattering
(6*) is arbitrary from the normal to the strip geometry.

The distance from the source and the receiver to the phase
reference is R. The distance from the source and receiver
to points 1 and 2 on the strip depend on the incident and
scattered field angle respectively. Using trigonometry, the

distance from the source to points 1 and 2 (p') on the strip
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Figure 20. Definition of strip geometry used in UTD analysis

and from points 1 and 2 to the receiver (p) are related by

¢'* as given in the equations below:

(15)
pr = R -

P2 = R +
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The half plane geometry for each edge of the strip is a
special case of the wedge shown in Figure 2, where the wedge
angle (WA) equals 0° and n = 2 since n is defined as:
n=2 - (WA/n). The incident and scattered wave angles are
measured counterclockwise from the surface normal, and have
the following limits: 0° < 6',6* < 360°. The angular
position of the source and the receiver with respect to each
edge is represented by ¢’ and ¢, respectively, where
0° < ¢',¢ < nm. The angles ¢, ¢' for edges 1 and 2 are
related to ¢' and 6* as shown in the following set of

equations:

(

90° + §f 0° I < 270°

-~
A
-e
A
<«

¢1 -
La‘ - 270° ; 270° < 8' < 360°

3

90° + 4% 0° 6* < 270°

~e
IA

¢1"‘

L0' - 270° 270° < §* < 360°

-e

(16)

, 270° + 8" ; 0° <¢' < 90°
<

¢! - 90° 90° < §' < 360°

-e

.

[

270° + ¢* 0° < §* <€ 90°

-

kd' - 90° ; 90° < ¢ < 360°
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The diffracted field from either edge is defined by
Equation 17. The variable u represents an electric or
magnetic field for the case of an electric or magnetic line
source, respectively. The diffracted field is the product
of the incident field at the edge, a diffraction coefficient
D,, (s for electric line source, h for magnetic line
source), and a term that accounts for phase change and

amplitude decay after diffraction.

u? = u'(Q;) Dyl¢r,0,L) Ee (17)
h 4

The incident field at points 1 and 2 on the strip is
defined as
i jk;sin(o’)
u, - e

(18)

-iksince’
3

u, = €

respectively. The source can reside in any of the 4
standard quadrants related to the strip geometry. The

diffraction coefficient term is

v
D, (¢ ,0,L) ~ —°_° (Flkla(o-¢/)) FikLa(¢+¢)]) (1o,
h 2y2nk cos(f:fi) * cos(¢+¢’)
2 2
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where the function F is called the transition function and

is defined by (11) as

F(x) = 2j/x ei* I'. ei” dr . (20)

x?

The coefficient L, within the transition function, is a
distance parameter relating the distances froa the strip to

the source and receiver as (11)

/
L= l" F_ . (21)
pl top

When considering only single diffractions from the strip,
with the source and receiver in the far~field, the
transition function is approximately unity since L -+ oo,

This will reduce Equation 19 for single diffractions to

. ¥
-‘_
_ 4
Dy(¢',¢,L) = = 1 — 1 . (22)

_ + /
h 2y2nk cos[¢£¢] cos[¢;¢]

Upon making substitutions into Equation 14 and assuming
a magnetic line source, the diffracted field at the receiver
from points 1 and 2 on the strip are
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respectively. The total diffracted field at the receiver

(H;,,,) is the summation of the individu